Mints (also called X11-like proteins) are adaptor proteins composed of divergent N-terminal sequences that bind to synaptic proteins such as CASK (Mint 1 only) and Munc18-1 (Mints 1 and 2) and conserved C-terminal PTB-and PDZ-domains that bind to widely distributed proteins such as APP, presenilins, and Ca 2؉ channels (all Mints). We find that Mints 1 and 2 are similarly expressed in most neurons except for inhibitory interneurons that contain selectively high levels of Mint 1. Using knockout mice, we show that deletion of Mint 1 does not impair survival or alter the overall brain architecture, arguing against an essential developmental function of the Mint 1-CASK complex. In electrophysiological recordings in the hippocampus, we observed no changes in short-or long-term synaptic plasticity in excitatory synapses from Mint 1-deficient mice and detected no alterations in the ratio of ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) to N-methyl-D-aspartate (NMDA) receptor-mediated synaptic currents. Thus the Mint 1-CASK complex is not required for AMPA-and NMDAreceptor functions or for synaptic plasticity in excitatory synapses. In inhibitory synapses, however, we uncovered an Ϸ3-fold increase in presynaptic paired-pulse depression, suggesting that deletion of Mint 1 impairs the regulation of ␥-aminobutyric acid release. Our data indicate that Mints 1 and 2 perform redundant synaptic functions that become apparent in Mint 1-deficient mice in inhibitory interneurons because these neurons selectively express higher levels of Mint 1 than Mint 2.
M
ints͞X11-like proteins 1-3 are multidomain proteins composed of isoform-specific N-terminal sequences and common C-terminal PTB and PDZ domains (1) (2) (3) (4) (5) . The divergent N-terminal sequences of Mints engage in isoform-specific interactions, whereas the shared C-terminal PTB and PDZ domains of all Mints participate in similar interactions. The N-terminal sequences of Mint 1 but not Mint 2 or 3 bind to CASK (6) (7) (8) , a multidomain protein that in turn binds to cell-surface receptors (9) (10) (11) (12) (13) (14) . Furthermore, the N-terminal sequences of both Mints 1 and 2 but not Mint 3 bind to Munc18-1, a protein essential for synaptic vesicle exocytosis (2, 15) . Conversely, the central PTB domains of all Mints bind to the cytoplasmic tail of APP (13, (16) (17) (18) , whereas their PDZ domains bind to presenilins (5, 13) , cell-surface receptors (11) (12) (13) (14) , Ca 2ϩ channels (19) , and the kinesin Kif17 (20) . Thus Mints resemble adaptor proteins that connect distinct N-terminal interaction to similar C-terminal interactions. Despite the large number of known binding activities of Mints, their functions are still unclear.
In Caenorhabditis elegans, mutations in the Lin-10 gene [which encodes the only C. elegans Mint homolog (21)] cause two phenotypes: inhibition of vulva development (22) and neuronal abnormalities (23) . The vulva phenotype is mediated by a protein complex formed by Lin-10 with two other gene products, Lin-2 (which encodes C. elegans CASK) and Lin-7 [a PDZ-domain protein, the vertebrate homologs of which are called Velis͞Mals (6, 24) ]. This complex is essential for the correct basolateral membrane localization of the epithelial growth factor receptor Let-23 in vulva precursor cells (22, 25) . A similar protein complex is formed by the vertebrate homologs CASK, Velis͞ Mals, and Mint 1 (6, 8, 22, 24) , suggesting that they may perform an evolutionarily conserved function. The second, neuronal phenotype caused by Lin-10 mutations in C. elegans, however, is independent of Lin-2-CASK and Lin-7-Velis, and correlates with mislocalization of ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-type glutamate receptors. This phenotype may be due to a general synaptic function of Lin-10-Mint that is independent of CASK (23) .
In C. elegans (21) and vertebrate neurons (13) , Mint 1-Lin-10 is concentrated at the Golgi apparatus but distributed throughout the axons and dendrites. A plausible explanation for the function of Lin-10 in C. elegans is that it directs the transport of proteins from the Golgi complex to their proper intracellular localization (21) . This function may involve APP, which in mammalian neurons is colocalized with Mint 1 in the Golgi apparatus (13) and has been implicated in intracellular protein transport (26) . Overexpression of Mints in transfected cells increases the steady-state levels of APP, alters ␤ amyloid production, and impairs transcriptional activation of reporter genes by the cytoplasmic tail of APP, suggesting that Mints and APP interact in vivo (13, (27) (28) (29) . Cotransfection of Munc18-1 potentiates the effects of Mint 1 consistent with a common action (30) . However, in C. elegans decreased expression of the APP homolog apl-1 results in a phenotype that differs from that of Lin-10 mutants and thus cannot be explained by the interaction of Mint with APP (31) . In the present study we tested the role of vertebrate Mint 1 in brain function using a knockout approach. Our data suggest that Mints 1 and 2 may perform redundant functions in synaptic transmission without an essential participation of the Mint 1-CASK complex.
Methods
Generation and Characterization of Mint 1 Knockout Mice. Using genomic clones containing the 5Ј end of the Mint 1 gene, we constructed a targeting vector for homologous recombination by standard procedures (32) . In the targeting vector (designed to allow a conditional knockout of Mint 1), we flanked the large first coding exon of the Mint 1 gene (encoding residues 1-402) with loxP sites (to allow exon excision by cre recombinase), inserted into the 3Ј intron a neomycin gene cassette (for positive selection after homologous recombination) surrounded by flp sites (to allow removal of the neomycin gene), and placed a diphtheria toxin gene next to the homologous sequence (for negative selection). Embryonic R1 stem cells (33) were electroAbbreviations: AMPA, ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; NMDA, Nmethyl-D-aspartate; APV, 2-amino-5-phosphonovaleric acid; IPSC, inhibitory postsynaptic current; EPSC, excitatory postsynaptic current; LTP, long-term potentiation; GABA, ␥-aminobutyric acid.
porated with the Mint 1 targeting vector, and cell clones resistant to positive and negative selection were screened by Southern analysis to identify clones that resulted from a correct targeting event. Of 312 clones analyzed, 16 were targeted correctly, and 1 of these clones was used to generate mice containing the Mint 1 knockin. The floxed first exon was removed by cre-mediated recombination in the germ line (34) . Genotyping was performed by PCR using oligonucleotide primers AH9914 vs. AH9916 (5Ј-CACTCAGCAATGGCGTCAAGC-3Ј and 5Ј-CCACT-CGCTATTGATCCCTGC-3Ј, respectively) for the wild-type allele (product size, 400 bp) and oligonucleotides AH9914 vs. AH0053 (5Ј-GGCGGACCGCTATCAGGACATAGCG-3Ј) for the mutant reaction (product size, 880 bp).
Protein Quantifications. Three adult littermate mice (Ϸ2 months old) per genotype were killed, and brain tissue was isolated and homogenized in PBS͞10 mM EDTA͞1 mM PMSF. Brain proteins (40 g per lane) were analyzed by SDS͞PAGE and quantitative immunoblotting by using 125 I-labeled secondary antibodies and PhosphorImager (Molecular Dynamics) detection with GDP dissociation inhibitor, vasolin-containing protein, or annexin as internal standards (14, 32, 35) .
Morphological Studies. Anesthetized adult mice (Ϸ2 months old) were perfusion-fixed with 4% fresh paraformaldehyde and cryoprotected with 30% sucrose. Sections (30 m) were permeabilized with 0.5% Triton X-100, blocked with 2% goat serum͞0.1% Triton, and incubated with primary antibodies overnight at 4°C followed by incubation with horseradish peroxidase-coupled secondary antibodies. Sections were developed in 3,3Ј-diaminobenzidine tetrahydrochloride with nickel chloride as a metal enhancement and analyzed by standard light microscopy (32).
Electrophysiology. Transverse hippocampal slices (0.4 mm) were obtained from 4-to 8-week-old mice and allowed to recover in a holding chamber for at least 1.5 h before transfer to a recording chamber. Slices were maintained and perfused in external solution containing 119 mM NaCl, 2.5 mM KCl, 2 mM MgSO 4 , 2.5 mM CaCl 2 , 1 mM NaH 2 PO 4 , 26.2 mM NaHCO 3 , 10 mM D-glucose, and 0.025-0.050 mM picrotoxin (saturated with 95% O 2 ͞5% CO 2 , pH 7.4). Extracellular field and whole-cell recordings were obtained in area CA1 basically as described (36) Miscellaneous. SDS͞PAGE and immunoblotting were performed with standard methods (37, 38) using the antibodies described (14, 35) . All data shown are means Ϯ SEMs. Statistical significance was determined by the Student's t test.
Results

Properties and Expression of Mints.
In preparation for a genetic analysis of Mint function, we examined the potential for redundancy among Mints. We first tested whether Mints are expressed in overlapping regional (Fig. 1A) and developmental (Fig. 1B) patterns. As observed (3, 39), we found that Mints 1 and 2 were detectable only in brain, but Mint 3 was ubiquitously expressed in all tissues tested ( Fig. 1 A) . Immunoblotting of mouse embryos at different gestational stages showed that Mints 2 and 3 are synthesized at the earliest time point examined (embryonic day 10.5), whereas Mint 1 became only detectable 4 days later (Fig.  1B) . The finding that Mint 1 is the last Mint isoform expressed is surprising, because Mint 1 is thought to be the only vertebrate homolog of Lin-10 (6, 8), which in turn performs an early developmental function in C. elegans (21) . To ensure that Mint 1 is indeed the only Mint form that binds to CASK (and thus the only true Lin-10 homolog), we performed GST pull-down experiments in which binding of all Mints to CASK was tested (Fig.  1C) . Only Mint 1 interacted with CASK, suggesting that Mint 1 exclusively participates in a tripartite complex with CASK and Velis analogous to the C. elegans Lin-2-Lin-7-Lin-10 complex (6). floxed Mint 1 gene synthesized Mint 1 at approximately wildtype levels (data not shown). We then crossed the floxed mice to transgenic mice that express cre recombinase in the male germ line and generated knockout mice in which the floxed exon was deleted permanently (Fig. 2 A) .
Breeding of mutant mice revealed that homozygous knockout mice were viable and fertile, with a normal Mendelian ratio of genotypes in the offspring (80:161:96 for wild-type͞heterozy-gous͞homozygous mutant mice). Immunoblotting confirmed that the knockout mice lacked Mint 1 (Fig. 2B) . Systematic weight measurements demonstrated a small but statistically significant decrease in size of the Mint 1 knockout mice, suggesting that the Mint 1 knockout mice are not completely normal (Fig. 2C) .
To search for potential compensatory changes in Mint 1 knockout mice, we compared the expression of various proteins in wild-type and mutant mice but detected no significant changes ( Fig. 2B ; see Table 1 ). In particular, we observed no increases in Mints 2 and 3 or decreases in Munc18-1, CASK, and APP with which Mint 1 forms stoichiometric complexes (2, 6, 18) . To rule out possible region-specific changes in protein levels, we investigated different brain areas but detected no obvious alterations in brain composition (Table 1 and data not shown). Because Mint 1 has been implicated as a possible regulator of APP cleavage (27) (28) (29) or of the transcriptional function executed by the APP cytoplasmic tail (13), we also examined APP. However, we found no difference between wild-type and knockout animals in the abundance of full-length APP or the C99͞C83 breakdown products of APP (data not shown).
Brain Structure in Mint 1 Knockout Mice.
Immunocytochemistry experiments demonstrated that deletion of Mint 1 did not cause major developmental brain abnormalities, for example in the layering of the cerebral cortex, formation of the cerebellum, or elaboration of the olfactory bulb (Figs. 3 and 4) . In wild-type mice, Mint 1 was widely distributed in excitatory and inhibitory neurons throughout the brain, with highest levels in the olfactory glomeruli, the accessory olfactory bulb, and the medial habenulae (Fig. 3A) . As expected, all Mint 1 staining was abolished in Mint 1 knockout mice. At the cellular level, Mint 1 was concentrated in neuronal cell bodies but present throughout the axons and dendrites. Immunostaining for the AMPA-type glutamate receptors GluR2 and GluR3 showed that their regional localization was not altered and confirmed that the overall structure of knockout and wild-type brains were indistinguishable (Fig. 3B) .
Comparison of the staining patterns of Mints 1 and 2 in the hippocampus suggested that all excitatory and inhibitory neurons coexpressed Mints 1 and 2 (Fig. 4) . However, interneurons that are probably inhibitory expressed Mint 1 at much higher levels than Mint 2. The specificity of staining was confirmed in Table 1 ). NMDAR, NMDA receptor; VCP, vasolin-containing protein. (C) Plot of the average weight (mean Ϯ SEMs) of wild-type, heterozygous, and homozygous Mint 1 knockout mice as a function of age. The small decrease in the weight of the knockout mice is statistically significant (n Ն 8; P Ͻ 0.05, Student's t test). Proteins were measured in total brain homogenates by quantitative immunoblotting using 125 I-labeled secondary antibodies and PhosphorImager detection (32) . The data shown are means Ϯ SEMs from three independent determinations normalized for signals obtained with antibodies to vasolincontaining protein, GDP-dissociating inhibitor, and annexin as internal standards.
Mint 1 knockout mice in which all interneuron staining for Mint 1 was abolished, whereas the pattern of Mint 2 staining was unaltered (Fig. 4 A-F) . In the olfactory bulb and cerebellum, Mint 1 was also present in all neurons and distributed throughout the neuropil but again was expressed at the highest levels in presumptive inhibitory neurons. Olfactory glomeruli that contain clusters of ␥-aminobutyric acid (GABA)ergic interneurons were strongly stained, although excitatory mitral cells were also abundantly labeled, including the dendrites that contact the glomeruli (Fig. 4 G and H) . In the cerebellum, interneurons in the granule cell layer and the inhibitory Purkinje cells were enriched in Mint 1, although the whole molecular layer (which primarily consists of excitatory granule cell axons and Purkinje cell dendrites) was also strongly labeled (Fig. 4 I and J) . Apart from the lack of Mint 1 staining, no obvious abnormalities were observed in Mint 1 knockout mice in the shape and distribution of excitatory and inhibitory neurons. (15, 19, 20, 23, 40) . For example, Mints 1 and 2 bind strongly to Munc18-1 (2), which in turn is essential for Ca 2ϩ -triggered synaptic vesicle exocytosis (15) , and all Mints bind to Ca 2ϩ channels, suggesting a possible role in presynaptic Ca 2ϩ influx (19, 40) . To test whether the Mint 1 knockout mice exhibit a synaptic phenotype, we used slice physiology and recorded excitatory and inhibitory synaptic responses in the CA1 region of the hippocampus (Figs. 5-7) .
We first probed excitatory synaptic transmission in the CA1 region of the hippocampus. We compared the synaptic responses of wild-type and knockout mice in four paradigms that measure different types of short-and long-term synaptic plasticity: paired-pulse facilitation (Fig. 5A) , use-dependent depression . Brain sections were stained by using horseradish peroxidase-labeled secondary antibodies with metal-dependent signal enhancement as described (32) . CTX, cerebral cortex; CPu, caudate putamen; HC, hippocampus; CB, cerebellum; OB, olfactory bulb; AOB, accessory OB; MHb, medial habenulae nuclei. (Fig. 5B) , posttetanic potentiation (Fig. 5C ), and LTP (Fig. 5D) . These measurements provide a sensitive, indirect assessment of fundamental properties of presynaptic neurotransmitter release and postsynaptic receptors. For example, alterations of release probability would result in changes in paired-pulse facilitation and posttetanic potentiation, inhibition of vesicle recycling would lead to enhanced use-dependent depression, and decreases in postsynaptic receptor function could interfere with LTP. In all these measurements, we observed no significant difference between wild-type and knockout mice, indicating that deletion of Mint 1 did not alter the fundamental properties of excitatory synaptic transmission (Fig. 5) .
Based on an in vitro complex formed by the Mint 1-CASK heterodimer with the NMDA receptor and the motor protein Kif17, it was reported that the Mint 1-CASK heterodimer functions to transport NMDA receptors selectively to synapses (20) . Because only Mint 1 binds to CASK, this function could not be redundant among Mints. Our data suggest that it is unlikely that Mint 1 is required for the synaptic delivery of NMDA receptors, because LTP is induced normally in the Mint 1 knockout mice (Fig. 5D ). However, a partial impairment of NMDA-receptor function may have been overlooked in the LTP experiments because of the strong induction protocol used. Therefore we quantified the relative contributions of AMPA and NMDA receptors to the overall synaptic responses in hippocampal CA1 pyramidal cells by recording EPSCs at ϩ40 mV before and after application of D-APV (Fig. 6A) . The ratio of AMPA receptor-to NMDA receptor-mediated EPSCs was not affected in the Mint 1 knockout, effectively ruling out a mandatory role for Mint 1 in the trafficking of NMDA receptors to synapses.
Finally, we examined inhibitory synaptic transmission by recording monosynaptic IPSCs from CA1 pyramidal cells in response to paired-pulse stimulation. Under our recording conditions, IPSCs exhibit paired-pulse depression, which provides a sensitive measure of changes in the regulation of GABA release (35) . We observed a large increase in paired-pulse depression at short interstimulus intervals (Ͻ100 ms; Fig. 7 ). This result suggests that deletion of Mint 1 causes a dramatic change in the regulation of GABA release, possibly by increasing the release probability, because this is the most common cause for enhanced paired-pulse depression.
Discussion
Our results suggest several unanticipated conclusions about the function of Mint 1. First, they indicate that the Mint 1-CASK complex does not perform an essential developmental function in mice, in contrast to C. elegans where the orthologous Lin-2-Lin-10 complex is essential for proper cell specification in vulval development (22) . This conclusion is supported by an indepen- dently reported Mint 1 knockout (41) that, although not analyzed beyond measurements of the response of mutant mice to methamphetamine, also exhibited no developmental abnormalities. Because only Mint 1 but not Mints 2 and 3 binds to CASK (Fig. 1) , the apparent lack of a major function of the Mint 1-CASK complex in mice cannot be explained by redundancy among Mints.
Second, again in contrast to C. elegans where Lin-10 has a separate function in the targeting of AMPA-type glutamate receptors (23), we show that Mint 1 is not required for AMPAreceptor localization or function in mice. Because the C. elegans phenotype is CASK-independent, it is possible that in this respect Mints 2 and͞or 3 are redundant with Mint 1; thus our data do not exclude a redundant role for Mints in AMPAreceptor trafficking.
Third, we also tested the prediction based on GST pull-down assays that Mint 1 is involved in transporting NMDA receptors to synapses by binding to CASK and Kif17 (20) . Our data demonstrate that deletion of Mint 1 has no significant effect on NMDA receptor-mediated synaptic currents. Because the presumptive NMDA-receptor targeting function of Mint 1 depends on CASK, our data suggest that these in vitro binding data (20) do not reflect a physiological interaction.
Finally, our most important finding probably is that Mint 1 is essential for regulating inhibitory synaptic transmission. We observed a large change in paired-pulse depression in GABAergic synapses, suggesting that neurotransmitter release is altered. The direction of the change indicates that the deletion of Mint 1 may have increased the release probability at inhibitory synapses. Consistent with the discrete phenotype of Mint 1 knockout mice in inhibitory synapses, we found that in inhibitory interneurons, Mint 1 is selectively enriched over Mint 2, whereas excitatory neurons appear to express both Mints similarly. Thus the selective phenotype of the Mint 1 knockout mice in inhibitory neurons could be accounted for by the hypothesis that Mints 1 and 2 are fully functionally redundant in excitatory neurons but only partially redundant in inhibitory neurons. According to this hypothesis, Mints 1 and 2 (and possibly Mint 3) perform common synaptic functions by interactions with Munc18-1, APP, and͞or Ca 2ϩ channels. Alternatively, it is possible that the Mint 1-CASK complex performs a restricted function only in regulating release of GABA. Future experiments with double Mint 1͞2 knockout mice will be required to test these hypotheses.
It is puzzling that the Mint 1 deletion causes a discrete synaptic phenotype even though the protein is enriched in the cell body and is present throughout the dendrites and axons without a specifically synaptic localization. This result suggests that either the nonsynaptic majority of Mint 1 protein in neurons is functionally irrelevant (which seems rather improbable) or that the synaptic effect of the Mint 1 deletion is an indirect consequence of a functional impairment outside of the synapse. It is possible, for example, that Mints normally function in the assembly of synapses from precursor vesicles that are generated in the trans-Golgi complex, possibly by binding to APP. Impairment of this function then could lead to a change in synaptic transmission, which would explain the phenotype observed here. Again, future experiments will have to address these ideas.
